Mismatch negativity (MMN) to deviant stimuli is robustly smaller in individuals with chronic schizophrenia compared with healthy controls (Cohen's d > 1.0 or more), leading to the possibility of MMN being used as a biomarker for schizophrenia. However, there is some debate in the literature as to whether MMN is reliably reduced in first-episode schizophrenia patients. For the biomarker to be used as a predictive marker for schizophrenia, it should be reduced in the majority of cases known to have the disease, particularly at disease onset. We conducted a meta-analysis on the fourteen studies that measured MMN to pitch or duration deviants in healthy controls and patients within 12 months of their first episode of schizophrenia. The overall effect size showed no MMN reduction in first-episode patients to pitch-deviants (Cohen's d < 0.04), and a small-to-medium reduction to duration-deviants (Cohen's d = 0.47). Together, this indicates that pitch-deviant MMN is not a candidate biomarker for schizophrenia prediction, while duration-deviant MMN may hold some promise, albeit nearly a third as large an effect as in chronic schizophrenia. Potential causes for discrepancies between studies are discussed.
Introduction
Individuals with schizophrenia demonstrate sensory and cognitive deficits that appear to worsen after the first episode of psychosis. There are numerous reports of structural and functional neurological deficits that correlate with disease course, [1] [2] [3] [4] [5] [6] [7] highlighting the need for a biomarker that can help identify those who are at risk for developing schizophrenia. Identifying atrisk individuals before their first psychotic break offers the opportunity for early pharmacological and/or behavioral intervention, potentially preventing the postbreak neurological deficits. 8 Cognitive and psychosocial intervention at first episode has improved symptoms, functioning, and hospitalizations in these patients, 9, 10 even 10 years after the intervention began, 11 and may have greater benefits prior to first-episode.
Mismatch negativity (MMN) is one potential electrophysiological biomarker for early identification. Biomarkers are defined to include, ". . . biological characteristics that can be objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes or pharmacological responses to a therapeutic intervention." 12 We have previously argued that MMN is a potential biomarker for disease progression and as an outcome measure for pharmacological intervention. 7 However, many studies have suggested that MMN be a biomarker for the presence of the disease at the first break for schizophrenia. The purpose of this article is to assess this. MMN is an event-related potential (ERP) that appears with the presentation of deviant stimuli. 13 For example, single tones that differ in pitch or duration among repeated standard tones elicit an MMN. Source analysis of MMN in EEG and magnetoencephalography signal localizes MMN to auditory cortex, [14] [15] [16] with an additional later source from prefrontal cortex. 14, 17 MMN also has some clinical utility. 18, 19 Individuals with chronic schizophrenia exhibit reduced MMN amplitudes, 0.94 SDs smaller for pitch deviants and 1.23 SDs smaller for duration deviants compared with healthy controls. 20 MMN correlates with reductions in gray matter, 7 correlates with disease severity and cognitive dysfunction, 21 and impaired social functioning. 22 MMN reductions may reflect deficits in NMDA receptors, [23] [24] [25] [26] which are abnormal in schizophrenia, [27] [28] [29] [30] suggesting a neurological mechanism for MMN that can be tracked through the progression of the disease. MMN deficits also appear to be more severe in schizophrenia compared to individuals with bipolar disorder 31 MMN is appealing as a biomarker for disease presence because of the relatively easy, quick, and inexpensive methods of measurement. MMN can be recorded during a short EEG session and is measured passively. This is particularly helpful when working with clinical populations. One use for a biomarker is to help detect those who are at-risk for developing schizophrenia before their first-psychotic break. 12 However, for a biomarker to be useful for early detection purposes, it must also be abnormal early in the disease course. There is current controversy whether MMN to simple physical characteristics is reduced at the first episode of schizophrenia, or is essentially unaffected, with deficits emerging with disease course. Although several studies have found reduced duration MMN in first-episode schizophrenia patients, other studies have found no significant reduction in duration or pitch MMN, with the occasional study even reporting nominally greater MMN amplitudes compared with healthy controls. A biomarker should be sensitive in distinguishing between positive (schizophrenia) and negative (nonschizophrenia) cases, that is, there should be little overlap in population distributions. Hence, for MMN to serve as a viable biomarker of disease presence, it should be generally reduced in the majority of first episode cases, with a relatively large effect size. The large effect size observed in chronic schizophrenia (d = ~1.0) means that approximately 61.7% of the samples overlap. A medium effect size (d = 0.5) means that 80% of the groups overlap, and a small effect size (d = 0.2) means that 92% of the groups overlap.
To assess the existing empirical data regarding MMN reduction in first-episode patients, a meta-analysis was conducted. The term first-episode psychosis is diagnostically ambiguous and includes various diagnoses with the schizophreniaspectrum (eg, schizophrenia, schizophreniform, delusional disorder, psychosis not otherwise specified, etc) and within the affective psychosis spectrum (eg, major depressive disorder with psychosis, bipolar disorder with psychosis, etc). Therefore, studies that used only schizophrenia-spectrum participants were analyzed separately from mixed psychosis samples. Studies that did not account for or equate participants on premorbid IQ or years of education, potential confounding variables, are indicated. Analyses were conducted separately for pitch and duration-deviant MMN. Several studies report MMN from both deviant-types and so appear in both analyses. Follow-up meta-analyses include mixed schizophrenia-and affective-spectrum samples.
Methods

Literature Search
A PubMed search was conducted using the keywords "mismatch negativity," "first-episode," and "schizophrenia," and returned 23 published article. One was a review article, 33 another was a meta-analysis in chronic patients, 30 and a third article was a commentary for MMN in converters versus nonconverters. 34 Of the remaining 20 articles, one measured MMN in prodromal patients, 36 another in individuals who were ultrahigh-risk of developing schizophrenia, 36 and another was on schizotypal personality disorders. 37 One article did contain first-episode patients, but combined MMN responses with those from individuals with chronic schizophrenia. 38 Sixteen studies remained that were further assessed. Another 7 studies were found via reference sections, and one submitted (but not yet published) study was included. In total, 24 first-episode psychosis MMN articles were found.
Inclusion and Exclusion Criteria
There were 3 exclusion criteria. First, patients were considered as being in their first episode if they completed the MMN task within 12 months of first admission to hospital and had no more than 1 psychotic episode in their lifetime. This led to 3 articles being rejected. [39] [40] [41] In addition, 1 article mixed firstand second-episode schizophrenia-spectrum patients. 42 Second, studies that included patients with affective disorders and did not analyze their MMN separately from those with schizophrenia-spectrum diagnoses were excluded, resulting in 5 studies being excluded from analysis. [43] [44] [45] [46] [47] The SDs from 1 article could not be ascertained for the first-episode or control group. 48 The remaining 14 studies were included in the analysis, 7,49-61 and the results from these studies are summarized in Table 1 .
Calculations
Unbiased Cohen's effect size (d) 62 for each study was calculated using formula (1) . The variance of the unbiased effect sizes (σ 2 (d) ) was calculated using formula (2) , and used to calculate the average effect size (d + ) (formula 3). All formulae are from Hedges and Olkin. 63 Size of effect was interpreted using the guidelines presented by Cohen 62 : d < 0.2 is a negligible effect size, d > 0.2 is a small effect size, d > 0.5 is a medium effect size, d > 0.8 is a large effect size.
Formula 1: Calculations for unbiased effect size for each study used. N = number of observations; SD = standard deviation; FE = first episode; C = controls; i = each study. 
Results
From the initial 24 studies reporting MMN in first-episode schizophrenia-spectrum, 14 met the 3 criteria mentioned above. All studies measured MMN from either a single tone that differed in either pitch or duration. Five studies measured MMN to pitch and duration deviants and so were included in both analyses. 51, 54, 56, 57, 61 Nine studies reported MMN to pitch-deviants ( Figure 1 ). There was a very small (negligible) effect size (d + = 0.04) demonstrating that that there was no difference between firstepisode patients and healthy controls on pitch-deviant MMN Seven studies controlled for IQ or years of education. When these studies were analyzed separately, the overall effect size was still negligible (d + = 0.05). Eleven studies reported MMN to duration-deviants ( Figures  2 and 3 ). There was a small to medium effect size (d + = 0.47) for first-episode patients producing smaller duration-deviant MMN compared with controls. Only 6 out of the 11 studies controlled for IQ or years of education, and these 6 produced only a small effect size overall (d + = 0.36). Four studies included individuals with affective disorder in their first-episode psychosis groups. [43] [44] [45] [46] [47] All measured duration-deviant MMN. Effect size was recalculated to include these studies. There was an increase in overall effect size (d + = 0.65), although still only about half as large as the effect in chronically ill schizophrenia. However, 3 of these studies used a subgroup of the same participants, 45, 47, 53 and an additional 2 studies also used the same participants. 43, 44 When studies were limited to the largest samples from each group, 44, 47, 53 the effect size was reduced (d + = 0.52). 
Discussion
Comparison of studies measuring MMN reduction in first-episode schizophrenia-spectrum patients showed a negligible effect size of 0.04 SD for MMN to a pitch-deviant and a small to medium effect size of 0.47 SD for MMN to a duration-deviant. Effect sizes for MMN reductions in patients with chronic schizophrenia were around 1 SD compared with controls 19 suggesting that the MMN deficit increases with the progression of the disease. Umbricht and Krljes 20 reported significant correlations between pitch MMN and duration of disease, and so it is likely that, at least for responses to pitch-deviants, MMN tracks the degenerative process associated with schizophrenia, and may not be affected until later stages of the disease. Indeed, 2 of the studies included in the analysis followed up with patients to measure their pitch MMN after their first psychotic episode. Two studies 7, 55 reported MMN between 1 and 18 months later and found that MMN was significantly smaller in patients compared with controls at retest, despite no significant difference in MMN during their first-episode of psychosis.
It is possible that MMN to duration-deviants does not track disease course and is (on average) abnormal at first-episode. However, with respect to using MMN as a biomarker for those at risk of developing schizophrenia, small reductions in MMN amplitude compared with the "norm" are unlikely to be detected at the individual level and so are unlikely to be helpful in identifying at-risk individuals. For chronic patients, an effect size of 1.23 indicated that only 53.9% of the populations overlap; for first episode patients with an effect size of 0.47, 81.4% of the populations overlap. There is the possibility that the studies cited here are subject to sampling bias: The patients who are the sickest and have the worst MMN, typically return to hospital in the future and become the new chronic schizophrenia sample. This may explain the large MMN reductions in chronic patients compared with first-episode patients. While this is a valid concern, the few patients who have followed first-episode patients longitudinally have reported worsening MMN at followup 7, 45, 55 suggesting that the small effect sizes are not due to sampling bias. Both of these studies measured pitch MMN and so it is possible that duration MMN does not track disease progression. Duration MMN reductions have been reported in schizophrenia patients and their first-degree relatives (without schizophrenia), suggesting that duration MMN may be a better endophenotype for schizophrenia. 64 Longitudinal studies measuring duration MMN would be able to address this concern.
One of the moderators for MMN reductions in first-episode patients could be premorbid IQ or years in education. The concern is that clinical populations as a whole tend to have lower IQ and fewer years in education (likely as a consequence of their condition). However, MMN reductions in chronic schizophrenia to pitch, duration, and intensity deviants have been shown to correlate with years in education, and that the patients were more likely to have had fewer years in education compared with controls. 65 One of the studies involved in the meta-analysis 57 reported smaller MMN in first-episode patients, but when the first-episode group was divided into those who had finished college and those who had not, those who had attended college exhibited even larger amplitudes than controls. Matching groups on years of education may be overcorrecting, as we know that psychosis interrupts schooling so that individuals cannot finish college or high school. Matching for full-scale IQ likely overestimates premorbid IQ. However, some tests are more sensitive to psychosis such as semantic/overlearned knowledge. Matching on "hold-variables" avoids complementary problems of confounding low intellectual functioning with disease process (for further discussion of IQ see Salisbury et al 61 ) . It is interesting that 4 of the studies with the largest individual effect size in duration MMN reported patients having poorer premorbid IQ or completed fewer years in education compared with controls ( Figure 2 ). Indeed, effect sizes for the duration MMN decreased from d = 0.47 to 0.36 when IQ or education was accounted for. At this small effect size, 85.7% of the groups overlap. It is possible that the patients who have a premorbid IQ similar to controls are at the higher end of the functioning scale and may not represent the schizophrenia population as a whole.
In addition, several studies reported MMN from a group of patients with psychosis, consisting of schizophrenia-spectrum and affective-psychosis individuals. [43] [44] [45] 47, 53 It should be noted that a subset of participants were common across several of these articles, [43] [44] [45] 47, 53 and so the results of these studies are not independent of each other, and may be inflating the effect size. The disease course of affective-psychosis may differ from schizophrenia making it difficult to ascertain the specificity of MMN reductions in early-course schizophrenia. For example, one of the studies involved in the meta-analysis 7 reported larger MMN reductions longitudinally in schizophrenia-spectrum patients, but not in bipolar patients, compared with controls. In addition, there was a significant relationship between MMN amplitude and volume in left Heschl's gyrus in schizophreniaspectrum patients, but not in chronic bipolar patients or controls. Other studies have found normal MMN amplitudes in bipolar patients compared with controls, 35, 66 suggesting that the MMN may not be reliably abnormal in bipolar disorder as it is in chronic schizophrenia. There are several potential confounds regarding studies with first-episode patients; the main one being the effect of medication. In general, there do not appear to be any effects of antipsychotic medication on MMN, [67] [68] [69] but there is some inconsistency across studies. 70 It should also be noted that these studies focused on chronic patients who had already been on medication for a substantial period of time. Medication may have a different effect on MMN in those who were previously naïve to antipsychotic medication. Even within the current analysis, there is inconsistency between the studies on whether medicated, 44, 47, 51, 61, 63 unmedicated, 49, 50, 54, 59 or were a mixture of medicated and unmedicated patients, 7, 42, 43, 45, 48, 53, 56, 58, 60, 61 and 2 studies did not report medication status. 46, 52 Research on medication naïve individuals is needed, although longitudinal examination is unlikely, given the ethical and moral need to treat psychosis as early as possible.
Another factor is the amount of time between the onset of the first episode and measuring MMN. Across the studies assessed here, there is variability in how quickly the patients were tested when they reached the hospital. We have attempted to restrict the analysis to studies that measured MMN within 12 months of the first episode, the commonly used operational definition of first episode, but by 12 months substantial neurological changes may have already taken place. In addition, the duration of untreated psychosis may play a role in how abnormal the MMN is. If medication is able to stop or slow down the neurological decay associated with schizophrenia (at least temporarily), then those who were treated relatively quickly after their true first break may have better MMN than those who had not. Studies that are able to measure MMN as soon as the patient is admitted to hospital for their first episode will be able to address this issue.
Despite the marked MMN reductions in patients with chronic schizophrenia, there does not appear to be a strong deficit at first episode. Pitch MMN was clearly not reduced at first schizophrenic break. However, duration MMN showed a small to medium effect size. Perhaps in combination with other biomarkers duration MMN may have predictive value. Whilst this meta-analysis throws into question the use of MMN as a predictive biomarker in isolation, MMN can still be a useful indicator for pharmacological outcome 71 and disease progression. 7 The purpose of this meta-analysis was to assess MMN as a biomarker of disease presence. In summary, there is no consistent evidence for a marked deficit in pitch MMN in firstepisode schizophrenia-spectrum patients, while duration MMN may show a small to medium effect size.
